Introduction
With the increasing urban pressure over the coastal areas, economic growth, sea level rise and recurrent storm-induced beach erosion events, a demand for adaptive coastal management strategies, able not only to provide coastal protection but also create areas for nature and recreation, has been intensely encouraged during the latest decade. In this respect, sand nourishments are typically considered as a soft coastal protection strategy since its pure concept does not involve the construction of hard-structures. This type of solution is becoming popular between coastal engineers and managers due to the several benefits that they can offer (not only environmental but also socials) to mitigate erosion, ensure flood safety and increase beach width. Recently, as a way to explore the positive attributes from such projects, several innovative coastal maintenance approaches have been emerging. An international example is the well-known pilot project BSand Engine^(completed in 2011). Based on a meganourishment approach, this project was designed to assess the effectiveness of concentrated fills (in time and space) on protecting the Dutch coast (Schipper et al., 2016) . Although large steps have being given in attempting to maximize the potential benefits taken from beach nourishments, their behavior is still poorly understood, the control over the sand nourished is minimal and questions about the ultimate fate of the nourished sand are still unanswered (Di Risio et al., 2010; Jacobsen and Fredsoe, 2014) .
Typically, sand nourishment projects focus on the subaerial portion of the beach morphology by reconstructing specific coastal features as the dune and beach berm. However, when using sediments from dredging, for practical and economic reasons, nourish on the subaerial beach becomes less attractive than in the subaqueous portion since dual underwater operations may be realized at considerably less time and cost, minimizing the movement and the number of equipment required for fill placement (Gravens et al., 2003) . Several issues related to the suitability of an underwater approach to the fill placement for coastline preservation still require investigation, especially in view of the strong demand for reducing beach fill maintenance costs.
There are different strategies for nearshore sand placement, including profile nourishment (where sediments are placed along the active cross-section in order to approximate the equilibrium shape) and the placement of sand as an artificial offshore bar (where sand is placed to form a reservoir promoting beach growth and wave energy dissipation along time). Here, the latter technique will be investigated. Although external material placed nearshore becomes part of the beach system, benefits to the beach have not been well quantified (Larson et al., 2015) . Database consisting on results of nearshore berm projects needs to be disseminated. Particular data of interest include wave data and bathymetric surveying data. In this respect, anticipated follow-up programs play an important role since they focus on field data acquisition campaigns as a way to objectively assess and measure the impact of the project. However, monitoring is in many cases neglected and seen as a concern of second order, reason why very few field data sets are available to support research projects.
In Portugal, artificial beach nourishments have been applied as coastal protection measure in some beaches of Algarve, in Costa da Caparica and Castelo do Queijo (Coelho et al. 2011a) . Although monitoring results available for major projects have been discussed by the coastal community, very few monitoring data are well comprehensive in time and space, once large amounts of funding are required. In Aveiro, recent artificial beach nourishments have been carried out along BarraVagueira coastal stretch. Sediments coming mostly from deepening and maintenance activities of the Aveiro Harbor navigation channel have been placed into the beach system through nearshore deposits as a way to control the shoreline recession.
As a result, Aveiro Harbor Administration initiated in 2009 a monitoring program that have been developed since then in order to register the main morphologic beach changes within the dumping areas.
Here, based on a data set of hydrographic surveys collected annually, just before and after the nourishments, short-and long-term responses to the nourished sand placed in the dumping areas are investigated over six years approximately (2009) (2010) (2011) (2012) (2013) (2014) (2015) . The aim is to characterize the morphodynamic behavior and the mobility of the nourished material on Barra and Costa Nova beaches.
The present paper is organized as follows. In section 2, a brief presentation of the study area is given, describing its physical setting, the main coastal interventions undertaken (dates, volumes, locations, etc.) and the field observations. The methodology is outlined in section 3 and the morphological evolution of the fills by focusing on sea bottom adjustment within the nourished areas in connection to the incoming waves is analyzed in section 4. Discussions are given in section 5 and the main conclusions are summarized in section 6.
Field site characterization
Barra-Vagueira is a 10 km long coastal stretch, located in Aveiro district, on the northwest coast of Portugal (Figure 1 ). This stretch, approximately centered on the sandy coastal stretch between Espinho and Cabo-Mondego, is currently subjected to structural erosion (corresponding to a generalized deficit of sediments). Its proximity to the Aveiro lagoon and the urban areas, as well as its low-lying sandy topography and fragile dune system, susceptible to overtopping and flooding during high-energy events, makes this coastal stretch a very vulnerable and exposed area to erosion (Coelho et al. 2011b; Pereira et al. 2013 ). Due to the severe wave conditions and large tidal amplitudes easily achieved during the winter (storm situations), this area is also threatened by an imminent risk of breaching of the dune system that separates the Aveiro lagoon from the sea. This risk is aggravated by heavy erosion mainly caused by a deficit in sediment supply from rivers and sediment blockage by manmade structures. The 1.8 million m 3 /year of sediment that under normal conditions would come from Douro River and feed the littoral drift towards south (estimated to be 1.5-2.0 million m 3 /year), has been decreased to about 0.25 million m 3 /year (Coelho 2005; Coelho et al. 2009a Coelho et al. , 2009b Costa and Coelho 2013; Palalane et al. 2016) .
At the study site, the beach profile type possesses a dominant seasonal variation and presents an intermediate to dissipative general morphodynamic in the north of the Aveiro Harbor breakwaters and an intermediate morphodynamic at south (SNIRL, 2015) .
In terms of sediments dynamic, as the longshore sediment transport is interrupted by the Aveiro Harbor breakwaters, an intense accumulation of sand occurs on the updrift (north) side and a significant retreat of the shoreline is occurring on the downdrift (south) side. This retreat is controlled by groin fields and longitudinal revetments along Costa Nova and Vagueira beach (Figure 1 ). According to the long-term shoreline evolution study developed by Veloso-Gomes et al. (2006) , for a period between 1980 and 1990, the shoreline retreat rate in Costa Nova beach and Vagueira beach is estimated in 3.7 and 3.9 m/year, respectively, whereas Barra beach present a retreat rate of about 0.3 m/year (Palalane et al., 2016) .
Physical setting
In general, the Portuguese west coast, which includes the coastal region of Aveiro, is heavily exposed to waves generated in the North Atlantic. The wave climate is essentially characterized by components of distant generation. These components have higher wave heights and longer periods than those that would be generated by action of the local wind. The mean significant wave height is around 2-3 m while the mean period is between 8 and 12 s. The largest waves, especially common in winters during storm events, are incident from northwest and may reach 8 m, persisting for up to 5 days (Pires 1989; Coelho 2005; Coelho et al. 2009b ). The tide regime in Aveiro is semi-diurnal, with neap and spring tidal amplitudes ranges of 2 and 4 m, respectively.
For the northwest portuguese coast, the wave regime is generally characterized by data recorded at Leixões buoy, operated by the Portuguese Hydrographic Institute (IH). This buoy is located 78 km NNW from Aveiro, at a depth of 83 m (Figure 1 ) and its measurements are considered to be representative for the offshore wave conditions at the study site (IH, 2015) .
Time series of wave climate between Sep-09 and Apr-15 were provided by the Portuguese Hydrographic Institute and analyzed to support the present study. The data set encompassed records of peak period (T p ), average direction associated to the peak period (Tht p ), significant wave height (H s ) and average of the periods corresponding to H s (TH s ) mostly at intervals of 3 h (IH, 2015) . Records collected at intervals of less than the usual 3 h and with maximum wave height greater than 5 m were considered storm records. If 10 or more storm records exist during a time interval equal or Fig. 1 Map of Barra-Vagueira coastal stretch (Palalane et al., 2016) greater than 8 h, the storm was defined persistent. Figure 2 displays the distribution of the wave directions and wave heights for normal and persistent storm conditions for the period between Sep-09 and Apr-15.
Time series of 3-h records showed that waves coming from the NW sector are the most frequent (corresponding to 46% of records), followed by WNW and NNW directions, with 29% and 11% of the observations, respectively. The dominant wave height classes are situated between 0.5 m and 2.5 m and represent 72% of the 15,296 records. The maximum value of the average significant wave height was around 8.89 m and has been registered in March of 2014. In persistent storm conditions, waves are more oriented towards the south, increasing the percentages of occurrence of the NW and WNW sectors to 56% and 37%, respectively, and decreasing the significance of the NNW quadrant to 1%. Significant wave heights below 2.5 m have no representativeness, acquiring importance above 3.5 m. The most common class is located between 4.5 m to 6.5 m, with 74% of the 5270 storm records.
The wave periods distribution showed that more than 85% of the records present peak periods lower than 12 s, being the dominant class located between 8 s and 10 s, with 32% of the observations. In storm situations, this range of values (below 12 s) is only representative of 45% of the observations, with no records lower than 8 s. The most frequent class is the 12 s to 13 s (about 22%).
The higher-energy wave conditions were registered in Nov-10, Jan-13 and Mar-14 (see peaks of maximum H s in Figure 3 ). According to some media and APA reports, the major storms recorded between Dec-13 and Mar-14 (the most energetic period, with an average significant wave height of 3.38 m) hit Costa Nova beach causing abrupt changes on the dune system.
Harbor interventions and monitoring
In order to control beach erosion along the BarraVagueira coastal stretch and improve the conditions of the Barra navigation channel, two major projects were undertaken by the Aveiro Harbor Administration -APA (beyond the regular activities of navigation channel maintenance) between 2009 and 2015: "Dredging of Barra with reinforcement of the dune system", in 2009, and BReconfiguration of Barra north breakwater^, in 2012 (APA, 2012 APA, 2013) .
The main objective of the first project was the dredging of 1 million m 3 of sand (performed in two time periods, see Table 1 ) from the bottom of the inlet entrance of the Aveiro Harbor and the use of the resulting sand to reinforce the littoral system in the Costa Nova beach. The second major project conducted by APA corresponded to the extension of the north breakwater by 200 m, realignment and dredging of the navigation channel in order to ensure a bottom level of −12.5 m (CD). The dredged material from the channel and breakwater extension was deposited at the subaqueous portion of the beach profile in two main sites. The first site (DA1) was limited by the south breakwater and the 1st groin of Costa Nova beach (2012) (2013) , between 4 and 7 m water depth (see Figure 4 ). The second site (DA2) was bounded by the 3rd and the 5th groins of Costa Nova (counting from north to south, Figure 1 ), at a depth between 2 and 5 m contours.
The following table synthetizes the information related to the dredging and dumping operations carried out at Barra and Costa Nova beaches during [2009] [2010] [2011] [2012] [2013] [2014] [2015] . Some of the information described was concatenated based on the interpretation of design elements made available by APA.
a) Normal conditions (3-hours interval) b) Persistent storm conditions (30-minutes interval)
Fig. 2 Wave rose with energy based on significant wave height, H s , measured at Leixões (2009 Leixões ( -2015 Since 2009, the evolution of the dumping areas (defined for fill operations in connection to the main projects undertaken at the study area) has been accompanied by APA through monitoring campaigns. Hydrographic surveys have been collected annually and just before and after the placement of the fills within the dumping areas, along a total period of about 6 years (Sep-09/May-15). Table 2 summarizes the details of the surveys collected in the field (dates and locations).
Figures 5 and 6 show the timeline of each nourishment and survey performed in DA1 and DA2, respectively Methodology GIS tecnhiques were applied to investigate the sediment dynamic and bathymetric evolution of two main dumping areas A database encompassing the hydrographic surveys collected in the field (mostly before and after the nourishment interventions) were used and georeferenced in Geographic Information System (ArcGis). The field data related to both areas was processed individually. The first approach involved the definition of a common area (CA) covered by all the available surveys for each dumping area (DA1 and DA2) in order to quantify the sediment volume variation in time. As four main surveys collected for DA2 covered a very small area, two main common areas were defined: one considering all surveys available with exception of Jan/14 (the most restricted survey) and another one excluding the survey data collected in Dec/10, Nov/11, Nov/13 and Jan/14. Figure 7 displays the location of the common areas analyzed for DA1 (CA1) and DA2 (CA2, CA3).
The common area for dumping area 1, CA1 (Figure 7a ), has 0.43 km 2 , and is bounded in the longshore direction by the south breakwater of Barra and the 1st groin of Costa Nova, between the 2.5 and 8.5 m water depth level. The first (CA2) and the second (CA3) common area defined for DA2 have 0.53 and 1.05 km 2 , respectively, and are both located between the 3rd and the 5th groin of Costa Nova. In cross-shore direction CA2 is limited by the levels −2 and −9 m (CD), while CA3 covers deeper areas, reaching approximately −10 m (CD). The reference situation was taken to be May 2012 for DA1 and September 2009 for DA2, corresponding each one to the date of the first survey carried out in each area (Figure 7) . Fig. 4 Location plan of the dredging and deposition areas and cross-sections (APA, 2012; APA, 2013) Digital elevation models were generated by applying an inverse distance weighting (IDW). With the surfaces obtained, sediment volume balances were computed between survey dates, within the common areas boundaries. When possible (depending on the surveying coverage), altimetric comparisons were performed in larger areas than the common areas to enable a better understanding of the fill response. Surveys carried out before and after the fill placement were used to evaluate the short-term behavior of the fills whereas surveys more spaced in time were used to investigate the medium/ long-term response of the fills.
Results
The results are exposed and interpreted based on a perspective of chronological morphological changes, following three main viewpoints: general evolution of the common areas, and short-term and medium/long-term effect of the sand nourishments. Sediment budgets variations within the common areas are summarized in Fig. 8 . Sea bed elevation comparisons showing the morphologic response of the dumping areas in short-(just after the fills) and medium/long-time scales are displayed in Fig. 9 to Fig. 12 .
Five hydrographic surveys were collected between 2012 and 2013, in DA1. The evolution of the common area (CA1) show positive sediment balances in almost all the periods between surveys, being the only exception to this pattern the period between July and November 2013 (which presents a small loss of 0.02 Mm 3 of sand). To investigate the shortterm response of DA1, two altimetric comparisons encompassing one month interval were generated ( ). This correspondence of volumes suggests that the material dumped in 2012 (first fill in this area) remains within the common area, although the Fig. 10a indicates that the dumped sand has been moved alongshore. The large sand mass was conducted mostly to south, being also possible to identify some accretion at north. This particular distribution of the sand can be related to diffraction currents generated by the northern Aveiro Harbor breakwater which possibly can invert the sediment transport direction in its shadow area. A divergence hotspot (site of greater erosion that limits the exposed area and the breakwater shadow area) can also be identified in Fig. 10a . Outside the boundaries of the common area, the effect of the diffraction currents in the bottom can be recognized in Fig. 10b , as well as the non-linear sand nourished distribution. The sand spreading suggests an onshore sand volume migration larger than the offshore. The loss verified between July and November (Figure 10b ) is small and corresponds to only 8% of the last fill in July 2013. Overall, the erosion or accretion registered in DA1 decreases and increases respectively, if the analyzed area is extended (see Fig. 9 and Figure 10 ), meaning that the sediments remain in the local area, although outside its boundaries. In total, between May/12 and Nov/13, the cumulative volume into the common area was calculated in 0.37 Mm 3 and corresponds to 74% of dumping material.
For dumping area 2 (DA2), thirteen surveys were available and analyzed. According to the Fig. 8 , the evolution of the common areas (CA2 and CA3) defined for DA2 is mostly consistent, presenting the same trends of erosion/accretion. Short-term changes in sea bottom elevation were investigated through altimetric comparisons just before and after the nourishment placement, corresponding to approximately one month time interval (Fig. 11a, Fig. 11b and Figure 11d ). The effect of the placement of the fills can be easily identified by the central darker spots (red) within the limits of the dumping area (DA2). In general, the nourishment mound, placed to form nearshore berms, immediately began eroding, being possible to identify a seaward migration of the nourished sand resulting from offshore directed currents. As offshore sediment transport is not a continuous phenomenon (Ruessink and Terwindt, 2000) but an intermittent process confined to high-energy events, the moderate-energy waves registered by the Leixoes buoy in Jun-13, with a maximum significant wave height of 4.17 m can explain this evident pattern identified in Fig. 11c and Fig. 11d . This record corresponds to the most energetic event recorded in June over the almost 6 years of observations. The results of the sediment budgets calculated in CA2 (the smaller common area) only corresponds to 67% (Sep/Oct 2009) and 53% (Jun/Jul 2013) of the balance calculated in CA3, which means that an average of 40% of the dumped material moved out from the boundary of CA2 during only one month (see Fig. 8 and Fig. 11a and Figure 11d ). In addition, between June and July 2013 (see Figure 11d ) approximately 51% of the fill volume was not detected within the surveyed boundaries. It is hypothesized, although not verified, that part of the fill material had been transported towards to the beach (increasing the berm width) since during Jul-13 the beach profile was affected by short-waves conditions Bathymetric analysis ranging from months to a few years were also carried out for DA2 (see Figure 12 ). Four main bathymetric comparisons were generated to address the impact of the first significant fill undertaken in DA2 (2009): Oct/09 -Dec/ 2010, Oct/09 -Nov/11, Oct/09 -Oct/12, Oct/09 -Apr/13 (Fig.  12a to Figure 12d) . Results until Nov-11, reveal that the nourished sand (dumped in Sep/Oct-09) eroded while sand accumulated nearshore, contributing to positives sediment budgets around 0.45 and 0.22 Mm 3 in Dec-10 and Nov-11, respectively (Figure 8 ). The high-energy 'winter' conditions registered during Nov-10 (see peak of H s in Figure 3 ) offers an explanation for the fact that a large subaqueous sand barrier was found in Dec-10. In fact, during energetic events (characterized by higher waves and water levels), a longshore sand bar typically form at Aveiro coast, as a result of a net seaward cross-shore sediment movement, promoting erosion of the summer profile (calm wave conditions). Thereby, the intense accumulation of sand identified in Fig. 12a is clearly attributed to seasonal morphological changes of the beach (resulted from exchange of sand between the summer berm and the winter offshore bar). However, it is also likely that the nourished volume had partially been transported shoreward (helping to feed the bar) and seaward (storing material at deeper waters) due to delicate balance of opposing sediment transport components along the profile highly dependent of the forcing conditions. Two years later of the first fill (Fig. 12b ) no submerged bar was detected by the hydrographic survey (Nov/11). However, it was identified a general profile bed elevation (above 6 m water depth) in relation to Oct/09. This behavior is in agreement with the observed in Figure 12b , suggesting that sediments had migrated in onshore direction.
Three years after the dumping operations, in 2009, more than 0.80 Mm 3 of sediments move out from the boundaries of CA3 (Figure 8) , but approximately 17% (0.14Mm 3 ) of the Blostŝ ediment was stored below the level − 9.5 m (CD). In Fig.  12c , although the nourishment has eroded, it is possible to identify a slight elevation of the sea bottom for deeper areas which might be associated to a long-term effect of the fills. The negative sediment balance calculated within CA3 between Oct/09 and Apr/13 is around 0.43 Mm 3 (Figure 12d ), which corresponds to approximately half of the variation in 2012. This difference is probably seasonal and a result of the comparison between a winter profile (Apr/13) and a summer profile (Oct/09).
Next fills of DA2 were carried out in May, July, October and November of 2013, being the second one the most significant (1,008,113 m 3 ). Figure 12e indicates an accretion of sediments (within CA2) close to 0.04Mm 3 of sand. This value corresponds only to 20% of the total nourished volume carried out in OctNov 2013. Extending the temporal scale, the general evolution of this fill was analyzed between Jul/13 and Sep/14 (Fig. 12f) . During this period, nourishments were carried out only in OctNov 2013 (199,297 m 3 ). As expected the dumped material was subjected to the natural adjustment under local wave conditions, which contributed to a lost volume around 0.05 Mm 3 (within the CA3). Figure 12f suggests that the dumped sediment was driven shoreward forming a breaking sand bar. However, as the survey collected in 2014 was performed in September (time that the beach profile is in a typical summer state), such sand barriers at surf zone are not expected, suggesting that this sand barrier may be a storage of nourished sand. Also, as the volume balance within CA3 shows a negative value during this period and more than 51% of the fill was not detected one month later of the fill (Figure 11d ) it is expected that the part of this fill volume had been transported to the subaerial portion of the beach profile and also driven to deeper waters.
As the survey carried out in Jan/15 (after the fill period) covered a smaller area (Figure 12g ), a comparison between Sep/14 and May/15 was established to investigate the impact of the fills performed during Sep-Dec 2014. The sediment volume balance was calculated in −0.36Mm 3 which means that there is no signal of the artificial volume added.However, Fig. 12h suggests that a large concentration of sediments can be hidden outside the common areas limits a) June 2012 and June 2013 (one year) 
Discussion
According to Verhagen (1996) and Pinto et al. (2015) , nourished beaches have expected short-term losses (sand transfer to subaqueous portion), that range between 10% and 20%. This is assumed as a typical morphological response of the beach profile, due to its natural adjustment under the local morphodynamic conditions. Past nourishments experiences in Portugal, more specifically in less energetic coastal areas (Algarve), also indicate that subaerial losses are around 10 and 27% (APAmbiente, 2014). Recent interventions in Costa da Caparica suggest that early subaerial beach losses are about 30% (Pinto et al., 2015) . Such analysis carried out for Costa Nova beach revealed that short-term losses can be very influenced by the time and place that the fill material is dumped. In general, the study undertaken with focus on the morphological development of the dumping areas point out that initial losses (during the first month) can range between 0 and 50% of nourished volume, meaning that the sediment dynamic under surf zone conditions can be very strong during high-energy periods. Also, the fact of some dumping operations had been carried out during transition and winter periods (where the beach morphology is significantly affected by high-energy events) along the subaqueous portion of the profile (as nearshore deposits) may have induced to a quick redistribution of the fill material, explaining these substantial short-time losses and also the incapacity to track the ultimate fate of the nourished sand under different forcing conditions. The performed analysis leads to believe that if the major underwater fills had been placed on the subaerial beach in late summer, when the berm width reaches its maximum, as suggested by Yates et al. (2009) , when studying fill behavior at a southern California beach, the fill material may have taken longer in subaerial beach profile. However, the outcomes from different design schemes and different timings for the fill placement are still poorly understood and can only be speculated about (Yates et al., 2009; Jacobsen and Fredsoe, 2014) . Also, the behavior of such interventions on sandy beaches with high cross-shore fluxes (like the ones along the Aveiro coast), arising from strong seasonal cycles seems to differ significantly from other coastal systems under low-energetic forcing conditions.
Conclusions
In this paper, a general analysis about the morphological evolution of two nourished areas is presented. The analysis was based on hydrographic surveys collected by Aveiro Harbor Administration, mostly, before and after dredging and dumping operations. The information available was compiled in a database and used to investigate the short-and medium/long-term response of fills differing in volume and construction period. Despite the limitations around the field data, intrinsically related with the temporal and spatial resolution of the surveying, bathymetric data analysis highlighted strong seasonal fluctuations in sand levels highly affected by seasonal fluctuations in wave energy, with energetic storms during winter and low-energy waves during summer. Initial changes of the fill material in the dumping areas evidenced dominant patterns of offshore directed losses as well as a high distribution of the nourished volume which might be attributed to the underwater approach adopted by APA to perform artificial nourishments in a quite energetic environment.
The dumping area DA2 presented a larger sediment volume loss than DA1 which may be related to its location, since DA1 is under the shadow of the Aveiro Harbor breakwaters, benefiting from protection against storms. Overall, both shortand medium-term analyses in DA2 suggested that the fill material was quickly dispersed, suggesting a small impact in the coastal system. Also, due to high cross-shore fluxes of sediments captured, cross-shore material exchanges resulted from seasonal variations seems to prevail and misrepresent some sediment budgets if the surveyed area is not comprehensive enough.
Clearly, more systematic surveying, covering all seasonal patterns and specially the occasions before and after nourishment operations, is required to get a better description of the cross-shore and longshore sediment transport processes taking place, in order to capture important beach changes (such as storm-induced changes) as a response to the incident waves and to track the ultimate fate of the nourished sand. Extend the surveys in both onshore and offshore direction is recommended to get a clear understanding of the cross-shore fill redistribution. Also, the extension of the monitoring coastal stretch to southern beaches (downdrift) will allow to investigate with confidence the feeding properties of the fills, giving guidance if the sediments have been conducted to the south, recovering and reinforcing eventually other critical areas (such as Vagueira beach).
This work has been supported by Fundação para a Ciência e Tecnologia through the PhD grant SFRH/BD/95894/2013. Hidrographic data provided by Aveiro Harbor Administration is greatly appreciated.
